Introduction
Our perception of colour stems from the varying spectral sensitivity of the human eye to the wavelengths that comprise the visible part of the electromagnetic spectrum [1] . Under white light illumination, the colours of objects are predominately generated in two ways: either the chromophores in dye molecules absorb visible light at certain wavelengths, or the physical structures of the objects disperse and spatially redistribute light of different wavelengths. In the biological world, colour is most often generated in the first manner [2] . However, the brilliant colours displayed by some butterflies [3] [4] [5] [6] [7] [8] [9] , beetles [10, 11] , fishes [12] and peacock feathers [13] that have fascinated scientists for centuries, arise from their unique physical (nano/micro) structures [3,14 -19] . This colour is attributed to wavelength-selective scattering of light by microscopic features usually on the surface. The interaction of the incident light with the nanostructure can lead to light scattering in all directions, producing a colour that is independent of the viewing angle, or it can possess a strong directionality, producing colours that are only seen at certain angles. A classic example of colour produced by the interaction of light with the nano/microstructures present on the wing scales is provided by the Morpho butterfly family, and is also one of the most commonly studied in the context of structural colour. The dorsal sides of the wings of some male butterflies of the genus Morpho are spectacularly blue displaying angle-dependent colour [7] [8] [9] 20, 21] . Because the interference of light is angle-dependent, the perceived colour of the wings also varies at different viewing angles, and is often referred to as iridescence.
Such brilliant, angle-dependent colours are now understood to be caused by the spatially periodic variations in refractive index created by the intricate structures on the bodies of the animals. Since these colours are spectacularly striking, over the past couple of decades several methods have been used to probe and characterize the visual appearance of such biological systems. Efforts to characterize these objects range from both macroscopic to microscopic methods, as well as attempts to render the colour of Morpho rhetenor based on accurate nano-optical simulations [22] . There have also been a number of attempts to replicate or reproduce the structures found on the wings of butterflies, as well as their optical character, and particular attempts have been inspired by the Morpho family [22] [23] [24] [25] . In order to be able to do this, a fundamental requirement is to understand the optical characteristics that lead to the stunning visual appearance of these animals. Recognizing a number of variables that lead to the visual appearance, it is however, indispensable to have a good measure of the spectral characteristics, as well as of the spatial arrangements that give rise to those spectra. In this context, one needs to be aware that iridescence as defined most commonly is that the colour is angle-dependent, but it should be recognized that in fact, the reflections of iridescent surfaces vary with both the angle of incoming and outgoing rays of light. Therefore, the full optical characterization requires measurement of the bidirectional reflection distribution function (BRDF). BRDF describes all the energy released in the form of light upon illumination of the surface. It describes the light intensity at all possible incoming as well as outgoing angles and wavelengths.
A quantitative way to characterize the iridescence of any structurally coloured object is to measure the angle-dependent reflected (or more generally scattered) light intensity. Such measurements have been carried out for a number of butterflies [4,7,9,26 -28] . A relatively simple method for such a measurement is to direct a collimated beam of light onto the sample of interest. The resulting scattered light is then collected with the use of a scanning detector or a fibre-optic that can be rotated appropriately. In this way, the optical characterization of any structurally coloured object can be performed [4, 7, 9, 26] . Using an elegant approach, known as imaging scatterometry [27, 28] , Stavenga and co-workers were able to measure the hemispherical reflectance by recording the scattered light from different angles simultaneously with a digital camera at the scattering imaging plane. While scatterometry is able to provide measurements of the BRDF, it has its drawbacks that are related to the optics of the system. The imaging in a scatterometry measurement is aided by an ellipsoidal mirror which allows the scattered light to be converted into a narrow cone which is imaged through a photographic lens. The drawback, as pointed out by Vukusic & Stavenga [29] , is that the ellipsoidal mirror has to be fabricated with high precision as well as the imaging being quite sensitive to the positioning of small samples (approx. 100 mm for typical butterfly wing scales) in the ellipsoid's focal point. They also pointed out that a simpler approach using a reflected-light microscope might be an attractive solution [29] . Such a method would use the back focal plane of an objective lens in a reflected-light microscope or an epi-illumination microscope, as would be evident from the theory of image formation in a light microscope [30 -32] .
Photonic crystals are materials that possess periodic dielectric structures that forbid propagation of electromagnetic waves, in any direction and for any polarization, in a certain frequency range, the so-called photonic band gap (PBG) [33] [34] [35] . The optical characteristics of such PBG structures depend on the dielectric contrast between the structures, the symmetry of the structure and the filling factor, i.e. the ratio of the volumes occupied by each dielectric with respect to the total volume of the photonic crystal structure. While recognizing that the colours found on the wing scales of butterflies are due to spatially periodic dielectric structures, it seems instructive to understand how such photonic crystals have been characterized. In an effort to characterize photonic crystals an alternative method referred to as 'back focal plane imaging' has been introduced [36] [37] [38] . The method essentially uses an epi-illumination microscope equipped with a Bertrand lens that allows one to image the diffraction pattern or the scattering pattern formed in the back focal plane. This method allows one to use a light microscope, accessible to most laboratories and does not require any fabrication of specialized optics, while allowing the imaging of small objects.
In this paper, we demonstrate the back focal plane imaging methodology to measure the BRDF of an individual butterfly wing scale. We also show that this method can be used to obtain polarization-dependent reflection of an individual wing scale of Morpho cypris, as well as the angledependent reflection of cholesteric liquid crystals. We used a commercial digital single-lens reflex (DSLR) camera (with the lens removed) to measure the light intensity.
Optical system 2.1. Back focal plane imaging using an epi-illumination microscope
We used an Olympus BX 60 reflected-light microscope with a dry objective (100Â, numerical aperture (NA) ¼ 0.9) to perform the light scattering measurement. The optical train of the epi-illumination microscope is schematically depicted in figure 1 . There are two sets of conjugate planes in the reflected-light microscope system. One is called the field conjugate set, and consists of the field diaphragm (F.D.), the sample and the image plane. The other set is the aperture conjugate set, which includes the aperture diaphragm far-field scattering image rsfs.royalsocietypublishing.org Interface Focus 7: 20170016 (A.D.), the back focal plane of the objective and the scattering image plane. The conjugated planes of each set are simultaneously in focus and can be viewed superimposed upon one another. Note that the two cameras drawn in figure 1 are actually the same camera mounted on the trinocular mount of the microscope.
In an infinity-corrected microscope system, the sample is placed at the front focal plane of the objective, and the scattered light emerging from the objective is consequently focused to infinity. A second lens L T , known as the tube lens, focuses the parallel propagating light and forms a near-field image at its focal plane. In general microscopy imaging applications, only the near-field image is observed in the eye piece and recorded by a CCD sensor, while the aperture conjugate set is usually ignored. The Bertrand lens L B , between the tube lens and the eyepiece, can convert the converging beam from L T back to the parallel beam. When the L B is inserted, the observation planes (eye piece and CCD) will be conjugate to the back focal plane of the objective, so the scattering image will be projected onto the CCD sensor. The term 'scattering image' reflects the fact that at the same distance from the optical axis to the spot of interest in the back focal plane, the light beams, although scattered from different locations on the sample, are of the same scattering angle. Therefore, we can obtain the two-dimensional light scattering profile of an observed object in the inverse space with a Bertrand lens.
In the illumination path, the light from the source is first collimated by lens L1. Bandpass filters are placed after L1 when monochromatic light is needed. The collimated light beam then travels through a lens pair L2 and L3, and remains collimated before entering the objective. The field diaphragm is located at the superposed focal planes of L2 and L3, and the aperture diaphragm is at the rear focal plane of L2. This design ensures that the field diaphragm conjugates with the sample plane, and the aperture diaphragm conjugates with the back focal plane of the objective. The field diaphragm controls the size of the field of view, and the aperture diaphragm determines the incident angle of the illuminating light. To do the scattering measurements, it is important to have the aperture diaphragm adjustable both in size and position so that the illumination angle can be tuned precisely. The Bertrand lens can be inserted to help visualize the aperture diaphragm while adjusting. The two insets in figure 1 are the near-field image and the far-field scattering image of the M. rhetenor wing scale under normal incidence.
Calibration of the digital single-lens reflex sensor
To implement quantitative imaging scatterometry with a commercial camera, we need to verify the linear response of a DSLR CCD to the light intensity. For most scientific photon detectors, the linearity between the electronic output signal and the light input intensity has been precalibrated by the manufacturer. However, for a commercial digital camera, the photos are processed by the camera's embedded chips in order to match the human eye's response to light of different intensities. In addition, to save storage space, the image is usually compressed to a JPEG formatted file, in which the original intensity information is distorted. Fortunately, almost all DSLR camera manufacturers provide an encrypted raw image format for users who want to access the raw signal; for instance, Nikon uses NEF, Canon uses CR2, and Sony uses SR2 [39] . [40] . The details of the decryption can be found in the electronic supplementary material.
We calibrated the linear response of the CMOS sensor by plotting the average pixel value as a function of exposure time. As can be gleaned from figure 2a, the decrypted pixel values of the NEF raw images increases linearly with the exposure time before saturation. In comparison, the pixel values directly read from JPEG formatted images are not linear as seen from figure 2b. Therefore, it should be apparent that the JPEG images cannot be used for quantitative measurements.
To obtain individual wing scales, we rubbed the upper surface of a M. rhetenor wing with a razor blade onto a glass slide. The slide with the wing scales is then loaded onto the microscope (Olympus BX60) stage. Near-field images (Real-Space Images) of a wing scale under a 100Â objective with NA ¼ 0.9 are shown in figure 2 with white (figure 2c) and monochromatic light (figure 2d-f) illumination. The width and length of these individual scales are around 80 mm and 190 mm, respectively. The brightness is not uniform over the entire wing scale, due to the inherent curvature of the scale, which causes the angle between the incident beam and the scale surface to slightly vary at different locations [41] .
Alignment of the microscope
For the scattering measurement, an incident beam should ideally be parallel, but this is not achievable with a high NA objective. From the microscope schematic in figure 1 , we know that the aperture diaphragm determines the incident angle. By minimizing the A.D., we can reduce the divergence of the light beam to 18, which is calculated by the size of the A.D. spot on the back focal plane of objective. With an aluminium mirror placed in the sample plane, we insert the Bertrand lens so that the A.D. is visible from the eyepieces. The size of the aperture diaphragm is then minimized and its position is adjusted to the centre of view. The illuminating light will now be approximately normal to the sample plane, as the solid green arrows indicate in figure 1. For oblique incidence, we just laterally move the minimized A.D. towards the edge of the view, and the light path is shown as the dashed green arrows in figure 1 . The maximum incident angle u m is limited by the NA of the objective via u m ¼ arcsin(NA), or, for a 100Â objective with NA ¼ 0.9, u m % 648.
Once the incident angle is fixed, we remove the Bertrand lens and the aluminium mirror, focus on a wing scale sample, and decrease the field aperture size so that the field of view is fully occupied by the wing scale, and the scattered light from the glass slide is excluded from the scattering image. Reinserting the Bertrand lens, we obtain the JPEG formatted scattering image as shown in figure 3b, which is similar to the scattering image of the butterfly Morpho aega in [27] . The belt-shaped profile is a result of the diffraction from the longitudinal ridges of the scale [7, 9, 27] . Just as the diffraction pattern of a grating orients perpendicularly to the grating grooves, the orientation of the scattering belt is always perpendicular to the longitudinal ridges of the scale, as seen in the two insets of figure 1 . The white circle in figure 3b indicates the boundary of the image.
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It also denotes the maximum measurable scattering angle, which equals the maximum incident angle u m . For an arbitrary distance r from the centre to a spot of interest in the scattering image, the corresponding scattering angle can be calculated by where R is the radius of the circular boundary. Figure 3a shows the raw intensity distribution decrypted from the NEF file that corresponds to figure 3b. Two scattering angles 308 and 608 are marked as white circles. The monochromatic illuminating (656 nm, 551 nm and 486 nm) results are shown in figure 3c ,d,e.
Results
To quantify the colour dependence of the scattering profile, we plotted the angular reflectivity of the M. rhetenor wing scale in figure 4a using the raw intensity data of each colour channel. The reflectivity of the wing scale is calibrated by measuring the reflection of the Al mirror, whose reflectivity is presumed to be 90%. Similar to the macroscopic coloration of the wing scale, the reflection of the blue band is the strongest. The reflectivity of the green band is about four times weaker, which is replotted in figure 4b ; the red band re-plotted in figure 4c is not comparable to the other two. The angular reflectivity of 486 nm light in figure 4a agrees quite well with the early measurements of M. rhetenor in [9] . The maximum intensity was observed at 308-408 and the peak position coincides with the observation angle at which we see the brightest blue colour from an intact M. rhetenor wing under normal incidence. The split in the reflection profile of the blue band originates from the tilted nature of the chitin multilayer in the wing scale [9, 42] .
It should also be noted that it is a relatively simple matter to measure the polarization dependence of structurally coloured objects if one uses an epi-illumination microscope for characterizing the objects. This is done rather simply by adding a polarizer to the light path in the microscope. It is known that polarized light signals play an important role in many butterflies' activities, such as navigation [43] , mating [44] and finding oviposition sites [45] . It is known that M. cypris wings appear blue in a wide angular range, but abruptly change into violet at large viewing angles [17] . We show this anisotropic reflection not only depends on the viewing direction, but also on the polarization of the light. As demonstrated in figure 5a,b under normal incidence, both the near-field images and the scattering images do not differ much when the polarization of the light is changed. Under oblique incidence (458), when the light reflection plane is parallel ( plane containing the incident and the reflected light) to the short axis of the wing scale, the scattering patterns for both polarizations are similar, as shown in figure 5c,d. However, in figure 5e,f, when the light reflection plane is parallel to the long axis of the wing scale, the brightness of both the near-field image and the scattering image change prominently when the light polarization changes. This most likely is due to the different diffraction efficiencies of the scale ridges for the two orthogonal polarizations [46] .
To further demonstrate the ease of this methodology, we measured the scattering pattern of chiral nematic liquid rsfs.royalsocietypublishing.org Interface Focus 7: 20170016 crystal (CLC) films. In this phase, the molecules that make up the liquid crystalline phase twist continuously such that a full 3608 rotation of the optic axis defines the pitch p of the helical structure [47] . Such phases can be formed by taking a material that has a nematic phase and adding a chiral dopant to the nematic phase. When the pitch of the helix is comparable to the wavelength of the visible light, Bragglike reflections for normal incidence occur, with peak wavelength l 0 ¼ np, where n is the average refractive index [47] . The spectral width of the reflection peak for a pure chiral nematic phase is related to the birefringence (Dn ¼ n e 2 n o ) by Dl ¼ pDn, where n o and n e are the refractive indices for polarizations perpendicular (ordinary) and parallel (extraordinary) to the axis of anisotropy, respectively. We used a commercial nematic mixture TL205 (since it has a large temperature window where it is nematic) and a chiral dopant, CB15 ( purchased at Merck, Inc). The helical pitch of the chiral nematic fluid depends on the concentration of the added chiral dopant to the nematic fluid [48] . From the bottom panel in figure 6 , we can see the reflected-light redshifts with decreasing concentration of CB15, indicating that the pitch length increases at lower CB15 concentrations. In all the four scattering images from the chiral nematics with varying p, the colour at normal incidence is at the centre of the image (longer wavelength, and hence larger p) and the colour blue shifts as one moves away from the centre. This rsfs.royalsocietypublishing.org Interface Focus 7: 20170016 is easily explained by the Bragg reflection condition for oblique incidence on a CLC film, l ¼ np cos u, where n is the average refractive index of the chiral nematic, p is the pitch and u is the angle between the helical axis and the incident beam. When u increases, the wavelength of the reflectedlight decreases. The phenomenon is completely analogous to the selective reflection of circularly polarized light by the exocuticle of the beetle Chrysina gloriosa, which possesses a brilliant metallic appearance [11, [49] [50] [51] [52] .
Conclusion
In summary, we have measured the scattering profile of an individual wing scale of the M. rhetenor butterfly using a commercial reflected-light microscope and a DSLR Nikon D300 camera. The scattering image was obtained with the help of a Bertrand lens inserted in the light path between the tube lens and the camera sensor. It should be noted that with the use of objectives with NA of 0.8-0.9, the maximum collection angle is about approximately 608, a limitation in comparison to the 908 acceptance of scatterometry; however, this is not a serious limitation for most of the measurements that are made routinely. Interference bandpass filters were used to generate the monochromatic light illumination. The light intensity signal of each colour channel was decrypted from the raw NEF image file of the camera. Although we only demonstrated the iridescence of a single wing scale of M. rhetenor at normal incidence, it is straightforward to extend this method to the oblique incidence as well. Our method may also work in a passive mode without illumination, to map the angular light distribution of organic light emitting devices [53] , nanolasers [54] , photonic crystals [55, 56] and plasmonic structures [57] . By adding a transmitted light illumination arm, the set-up can be used to study the angular distribution of transmitted light of objects; for instance, the zero order extraordinary transmittance of metallic nano-hole arrays [58] , and the diffractionorder measurements of optical gratings for calibration and teaching purposes. We believe our method will be of general interest to both scientists and engineers who are working on biophotonics and nanophotonics. Our approach will be extremely useful for the characterization and optimization of photonic devices; for example, measuring angle-dependent light emission, absorption and transmission profiles.
